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Abstract

The Contaminant Model for Streams (CMS) was dewasdofor studies where data and resources for model
application are limited. CMS can be relativelyilgaand quickly applied, yet it is a versatile motieat can be used
for a variety of conditions ranging from short tesmill modeling to multi-year simulations of contawant fate in
stream water and bottom sediments. CMS was desélopfill a gap in the Adaptive Risk Assessmentdeling
System (ARAMS). Before the addition of CMS, ARAMI®I not have a one-dimensional, contaminant trarmspo
and fate model for streams that could simulate mai®imn and sediment bed interactions.

CMS was developed such that it can be applied withé ARAMS framework and also can be run as adstdone
application outside of ARAMS. The model can beduse simulate a wide range of conditions from spill
simulations with time steps in seconds to long-temmulations with time steps of about a year.alt be applied for
both organic and inorganic contaminants, and thelable fate and transport processes include aidveend
diffusion along the stream reach, settling, resosje®, burial, volatilization, decay or degradatiamd diffusion
between the water column and the sediment porerw@tspended solids can be transported, or a sttathy
concentration may be input. The ARAMS version does presently include solids transport, and stesidie,
uniform hydraulic conditions are assumed within th@deled reach. Time-varying upstream loadingsfoves can
be applied, but flows are updated instantaneouslyughout the reach, i.e., there is no hydrauliting feature,
which reduces model complexity.

The model user interface provides an easy-to-usbadedor quickly setting up the model and examiniegults.
The interface also allows the user to select théhous and parameters used for the numerical sokitioThe
solution methods were selected to result in vertstomputer execution time for most applicatiorithe model
was verified against analytical solutions and rssftbm two other models developed by ERDC, RECOVYEBERd
PREWet, the latter of which uses an analyticaltsmhumethod. This report describes the model gnuddrification.

INTRODUCTION

Background
Although there are many water quality models foeamns, there was not a versatile, yet easy-to+segl for

contaminant transport and fate in streams pridghéodevelopment of the Contaminant Model for Stre4@MS).
Such a model was needed for studies involving heak assessment, which are often characterizdiiiited data
and time to produce results. An easy-to-use, lpadlfie model was needed for predicting short- &omy-term
concentrations of contaminants in the water colama bottom sediments.

The Adaptive Risk Assessment Modeling System (ARAM@s developed for the Army by ERDC and the U.S.
Army Center for Health Promotion and Preventive Me@ (USACHPPM) to provide a reliable platform for
conducting human and ecological health risk assessmARAMS integrates multimedia fate/transpord amulti-
pathway exposure and uptake with effects assesdmehtiracterize risk. Although several modelsaaalable in
ARAMS for fate/transport in water, there was notadel for predicting fate of contaminants in streawith
sediment interactions. There are many other rieewater quality models available that were considdor use in
ARAMS, however, none of these models met the requémts without introducing excessive complexity.

Obj ectives
The overall objective of this study was to devebfflexible, but easy-to-use, one-dimensional (1)merical
contaminant model for streams and rivers. Othgatives were:

» to be able to predict contaminant concentratiorteénwater column and sediment bed and include the
effects of sediment processes and interactions;
* to be able to simulate short-term spill concentragj as well as long term fate;



» to provide some degree of freedom over the nunlesadation settings, but still be easy to setup amd
and quickly provide useful results; and
» to provide a user interface to facilitate easesaf for model setup and quick viewing of results.

GOVERNING EQUATIONS

The fundamental law utilized in the developmenttef CMS is conservation of mass along the longitaldaxis
(flow direction) of a surface water body, such tieamns and rivers. The stream surface water i®septed by a
1D (longitudinal) discretization for mass balanafere mass concentrations are assumed to be un#oross the
width and depth of the stream. Constituent makmba is performed for the water column and sedirhed. The
bed is treated as a single active layer. The lbgdrlfor each longitudinal segment is independdnbtber
longitudinal bed segments, i.e., there is no lardiital transport or transfer within the bed. Ebel layer interacts
with only the water column immediately above thel segment. Numerical solution schemes are usedotade
flexibility for simulating variable inputs and anety of processes.

There are 3 unknowns, contaminant concentratiothé water column and in the bed and suspendedssolid
concentration, if the solids transport option i®sdn. For contaminants, the 2 unknowns requirguatéens, a
mass balance equation for the water column anth@®bed. For suspended solids, a mass balancéayta the
water column is required. Each of these equatisnpresented along with any assumptions and supgort
equations.

Water Column Contaminants
The dependent, state variable for contaminantshé water column is concentration of total chemioass
(dissolved and particulate) on a total water volurasis. The governing equation becomes,
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where,
C, = concentration of the constituent in the sedinemt (M/13), total mass on a total volume basis
C, = concentration of the constituent in the wateuoui (M/L3), total mass on a total volume basis
D, = longitudinal diffusion coefficient &T)
F = fraction of the constituent dissolved in the seeht bed pore water
db p
F. = fraction of the constituent dissolved in the waslumn
F = fraction of the constituent in particulate formthe water column
pw p
H = hydraulic depth of the stream (L)
ks, = decay rate of dissolved constituent in the watdamn (T%)
kpW = decay rate of particulate constituent in the watdumn (T%)
kV = volatilization rate of the constituent (L/T)
U = mean velocity (L/T)
V _ mass transfer rate across the sediment-wateracteresulting from diffusion of the dissolved
d 7 constituent (L/T)
V. = active sediment layer resuspension rate (L/T)
V, = suspended solids settling rate (L/T)
X = downstream distance (L)



Equation 1 assumes reversible, equilibrium partitig between sediment solids and water. In additiothe 1D
assumption, uniform velocity and dispersion areiaex along the modeled stream reach.

The processes included in the water column masanbalfor contaminants are advection, diffusiontlisgt of

particulate mass, resuspension of sediment bed, M&s®lved mass transfer across the sediment-vwsssface,
degradation/decay, and volatilization. The maasdfer across the sediment-water interface is btaaliffusive

flow that is dependent upon the concentration gradof the dissolved mass between the water colanththe
sediment bed. The volatilization rate is multigliey the fraction dissolved in the water columnéaese only this
fraction is assumed to volatilize. The resuspensielocity is not multiplied by either the fractiatissolved or
fraction particulate because both phases are asktonige introduced into the water column duringuspension.
However, settling only involves the particulatectian that is in the water column. The terms foe fraction
dissolved and fraction particulate in both the wa@umn and sediment bed were derived using therlumn
and sediment bed distribution coefficients for reilde, linear, equilibrium partitioning betweenssiblved and
sorbed phases.

Options are built into the model to either inpu tholatilization rate or to calculate it based uptanry’s Law and
Whitman'’s two-film theory (Chapra 1997) as modifiled the influence of water flow and wind. Withettwo-film
theory, there is no volatilization in the absentevmd. However, this is not always the case foiftsstreams and
highly volatile constituents. Therefore, a minimwalue for the gas side mass transfer coeffici&gt,of 100
m/day is set to prevent limiting the volatilizatioste under these circumstances. This is alsapipeoach used in
both WASP (Wool et al. 2001) and ICM/TOXI (Wangaktdraft report) for fast-moving streams.

It is assumed that the mass transfer across thmeetdwater interface acts in a similar mannerhe two-film
model for volatilization calculations. A two-layenodel does not exist for diffusion between theirsedt pore
water and the water column, but the transfer raie lze calculated based on the properties on edehao$ithe
boundary and is limited by the lowest transfer g#jo To account for influences in the water cotuand the
sediment bed, the mass transfer velocity is caledlasing formulations derived by Schink and Guinag1977)
and Di Toro (Di Toro et al., 1981), respectivelyhellower of the two velocities, or the limiting eais then used in
the water column and bed calculations.

The terms in Equation 1 can be grouped to fornrmpliied version of the advection/diffusion/reactiequation,

oc oc d°c
—W =Y —*+D w —kC + 2
at x o w™d @)
where:
V V.
k:(km+%+ﬁdew+(kpw+ﬁjFW (3)
V V
= Ff C, + Fd FaCo (4)

The termk includes all of the loss terms for the constituenthe water column. Since the terms for resuspens
and mass transfer from the sediment bed do notvewhe water column concentration, they are grdupgether
and treated as a source tegn,

Bed Contaminants
The mass balance for total (dissolved and partieutzontaminant mass in the sediment bed for eiaehrns
segment is stated as
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pr = fraction of the constituent in particulate formthe bed
h = active sediment layer thickness (L)

kdb = decay rate of dissolved constituent in bed paten(T")

kpb = decay rate of particulate constituent in the (e

Vv, = active sediment layer burial rate (L/T)

Equation 5 includes the following processes for ted: decay or degradation, mass transfer of disdol
constituents across the sediment-water interfaesuspension to the water column, settling of palete

constituents from the water column, and burialowdr sediment layers. Longitudinal exchange betvwadjacent
bed segments, such as pore water flow or diffualong the stream flow axis, is assumed to be nibigig

Suspended Solids Transport

If suspended solids in the water column are trarisdpthen they are treated similar to a contanticanstituent
that does not decay or volatilize. The solids ateeated and dispersed along the length of therstreach in the
same manner as the constituents but do not hawd #ie same loss mechanisms. The only loss mérhafior

suspended solids in the water column is settlimgthe same manner there is an influx of solidghewater column
from any sediment resuspension that occurs. Tégesuled solids mass balance in the water colustatisd as,
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where S is the concentration of solids in the wagomn (M/L%), and § is the concentration of solids in the
sediment bed (MA), which is the same as the sediment bulk dengity= (1— ¢)0,, where is the porosity of

the sediment bed and is the dry sediment density (ML The remaining variables are the same as theeed
previously.

The CMS can also be run with a steady-state salidi€entration. In this case, solids will not bedeled in the
water column, and the background solids concentrais specified and held constant for the entirautation
period. The state variable for solids is the tatalids concentration, which includes both inorgaant organic
solids.

A single active sediment layer is modeled. Thévadbed layer is assumed to have constant propetties, the
thickness, volume, porosity, bulk density, anddslinass are constant over time (i.e., steady-siattassumed to
be uniform over the stream reach. Solids and coint@nt mass that is buried to deep sediments isnaess to be
lost. Performing a steady-state solids balancéhiibed layer results in the following relatiomshi
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where all variables have been previously definddth the settling and resuspension rates speciffedpurial rate
can be determined, which is required for the bettarninant mass balance (Equation 5). Alternativahy two of
the three rates in Equation 11 could be specifietthe unknown rate solved.

Vo

STREAM SYSTEM DESCRIPTION

The stream system is a single reach with unifordréwlic conditions, but this may be expanded intark version
to allow multiple reaches with different hydrautionditions for each. For the modeled reach, nleltjwints of
interest for output can be defined through useereat usage locations. A usage location is a patird given
downstream distance from the farthest upstream aademay indicate a withdrawal point, a habitatd@pecies of



interest, or any point where the constituent cotra¢ion is of interest. For each usage locatioecsed by the
user, an associated distance is required for thgeusocation. The total length of the stream rethett will be
modeled is the distance to the farthest usageitotaiime-varying flow and loading values for wateonstituents,
and solids can be specified at the upstream bowyradang with the average background flow and cotreéions.

Background Flow and Flux Data

Background flow rate, such as the mean annual ftate, suspended solids concentration, and constitue
concentrations can be specified for the reach beindeled. In addition to the constant, steadyestaickground
flow and loadings, time-varying flows and loads edso be specified at the upstream boundary. Manging
loading, or flux, data are entered for water, sndpé solids, and all modeled contaminant constituemhese
inputs may be specified at any time point aftetimaro, but values for all variables must be sptior time zero,
except for suspended solids, which does not nediktentered if a steady-state solids balance écteal in the
project settings. In this case, the backgroundceotnation is used as the steady-state concentrfiothe entire
stream reach. The background and time-varyingeilace added together to set the upstream boucdadytions.

Hydraulic Conditions
The hydraulic conditions are not solved, but arecd#ied. Flow conditions are assumed to be steste within
each loading update interval and uniform over thedefed reach. Flows can change for each loadirtatep
interval due to changes in the loading flow ratat fiow rate, depth and flow area are assumed tngh
instantaneously over the entire reach, thus, tiseme hydraulic or hydrologic routing and no tramtiflow features.
Three options are provided for specifying hydraabaditions:

1. specify stream width and depth as constantsitiirout the reach;

2. specify stream cross-sectional area and deptcaastant throughout the reach; and

3. calculate the stream cross-sectional area wfdlod hydraulic depth as a function of flow in teach.

Boundary Conditions

Dirichlet boundary conditions are used for the tgesin boundary, thus, allowing the user to speaifycentrations
or loading flux at the upstream boundary (Chapr@7)9 The upstream boundary also uses a pipe dondithere
advective flow is allowed into the first segmentf bliffusion is not allowed across the boundarytrsd mass will
not move backward out of the system. The conctotr@ntering the reach is determined using the fleeighted
mass balance of the background and loading. Thedsry condition at the end of the reach is an dpmmdary
where both advection and diffusion are allowed seithe boundary. A Neumann condition is used &zi§pthe
derivative of the concentration at the downstreaunary (Chapra 1997). The concentration gradigtht respect
to downstream distance across the boundary agtteségment is assumed to be zero. Thereforelothastream
boundary concentration is equal to the concentraifche last segment.

The user may specify an upstream boundary condemtrar flux at any time update interval. For tisteps where
a boundary value is not updated, the model willfggar a linear interpolation between the previous amext

boundary update to determine the value that shioeldsed for each model time step. A boundary ¢iomdmust

be specified for time zero and, if no other concigns are specified, that value will be used ateady-state
condition for every time step.

SOLUTION METHODS

An implicit, finite difference, numerical solutiatheme is used to solve the partial differentialagigns for surface
water contaminant and suspended sediment condensgEquations 1 and 6). A choice between two emnigal
integration schemes is provided to solve the orgirdifferential equation for sediment bed contaminanass
(Equation 5).

A variation of the Crank-Nicolson (CR) method (Cred997) was selected for the implicit, finite diénce
scheme. The CR scheme is a centered in time antdred in space approximation. This method is rsg@yder
accurate and is stable even for large time st&hge CR scheme reduces numerical dissipation byoappating the
spatial derivatives at both the present and futume steps. These estimates are then averageotdm @ spatial
estimate that corresponds to the midpoint of theetistep. The time weighting in the modified CR e is
performed using a coefficient of implicity)(that is specified by the user rather than a vafu@.5 that is used for
the general form of the CR method. dlfs set to a value d.0, the equation becomes fully explicit, and the only



values included are from the current time step.a ifalue ofl1.0 is used, the equation is fully implicit and only
values from the future time step are included. WWpwdifferencing for the advection term was addedaa

additional option. The main drawback to using thewind differencing scheme is that it tends to adtrce

numerical diffusion into the solution, especially kigh stream velocities or large spatial stepsoweler, this
scheme introduces less artificial oscillation fbaigp gradients than the central difference schemenas added to
the model to allow the user more flexibility and@des in solving a wider range of problems.

The option of using the Euler method or the fowtder Runge-Kutta method is provided for solving foe
contaminant concentration in the sediment bed (Equation 5). The Euler method is easy to implamieut it is
only first order accurate in time. The fourth ar@Runge-Kutta method uses estimates of the slofmuafpoints to
calculate an improved average slope for the tinieral (Chapra 1997). Although the implicit sotutifor the
water column is unconditionally stable, the solntifor the bed is not and can generate oscillaturgealistic
concentrations for large time steps. An adapfive tstepping solution option has been implementeddlving the
ordinary differential equation for the bed to emsstable results.

MODEL VERIFICATION

Verification of the CMS has been performed using whifferent methods. First, the CMS was tested regjaan

analytical solution for a contaminant spill in aestm. This test did not include sediment intecadior loss

mechanisms, which also allowed for a test of corsg@mn of mass in the water column as the contaminzoved

along the stream reach. The CR scheme was useithdfoadvection term, and a value of 0.5 was usedher
coefficient of implicity for both the advection anliffusion terms. A 2kg mass of a conservativestibment was

input during the first time step giving an initiedncentration of 27.8 mg/L in the water column.ingsa time step
of 36 seconds, a spatial step of 20m, and a caézlikgelocity of 40800 m/day, the Courant numbertlids test was
determined to be 0.85. The results showed thatntimaerical water column solution in the CMS peffect
conserved mass, and that the results matched #igtiaal solution very well as can be seen in Feglirfor three

different time points after the initial contamiratiof the stream.
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Figure 1 Comparison of CMS results with an anafjtsolution for a contaminant spill in a stream

Because there was no readily available, long-tesmstituent concentration data to validate the CW8, second
verification of the model equations was performsihg two existing contaminant models: RECOVERY @Raind
Gerald 2001) and PREWet (Dortch and Gerald 1999:COVERY is a numerical, time varying model of wate
column and bed contaminant mass where the watemeois a single, fully mixed compartment, and tleel lis
modeled with multiple layers over the depth. PREWea 1D (longitudinal), steady-state model withamalytical



solution. RECOVERY assumes a steady-state solaianbe for the bed, and suspended solids are iapait
constant throughout the water column and over time.

One organic and one inorganic constituent wereerhdsr the model verification tests, and two tess svere run.
The first test was a long-term, steady-state lgadiimulation run for 200 years, long enough for stitnent
concentrations in both the water column and sedirhed to reach steady-state values. All three tsodere
compared for this test. The second test was aVangng test case with stepped constituent inflarcentrations
over a simulation period of 100 years. The constitdflux was increased at 25 and 50 years anddbereased at
75 years. In this simulation, the constituent coicgions in the sediment bed were never allowegkézh steady-
state. Only RECOVERY was run for CMS comparisangliis test because PREWet is a steady-state model

The results of the steady-state test case are shioWable 1 for an inflow concentration of 30 mgtr both DDT

and Chromium Ill. The results for CMS and PREWet@ported at the end of the modeled reach. Tperscripts
for the CMS model indicate the solids transpori@mpthat was used; one (1) indicates a steady-stdids balance,
and two (2) indicates that the solids transporiorpivas used.

Table 1 Steady-State Test Results

Model Contaminant Water Conc. (mg/L) Sediment Cémg/kg)

PREWet DDT 26.97 168600
Chromium IlI 27.34 17140(

RECOVERY DDT 26.6 166000
Chromium IlI 27.4 17100(

cms' DDT 27.0 168000
Chromium IlI 27.3 17100(
Solids 150

CMS DDT 26.8 184000
Chromium IlI 27.2 18700(
Solids 135

! steady-state solids balance option

2 solids transport option

The results from all three models match well far Whater column concentrations for both constituenitss is true
for both the steady-state solids balance and wispanded solids transport. However, both the DBEI Ghromium

Il sediment concentrations predicted by the CMShwsgolids transport are about 9.5% higher thanotier
predictions. The reasons for the difference is tdua gradient in the suspended solids concentratieated along
the stream reach, dropping from the inflow conadiin of 150 mg/L at the upstream boundary to 1§BLnat the
end of the reach. The calculated resuspensiorctitielo for each cell also decreased along the mstnesach, and
more constituent mass was bound in the bed atotheehd of the reach. The RECOVERY and PREWet nsodel
used a steady solids concentration of 150 mg/Luidinout.

A test was next performed using both the RECOVERM @&#REWet models with the suspended solids
concentration of 135 mg/L calculated by the CMStfee end of the stream reach. The results fromtdss are
shown in Table 2 and verify that both the RECOVE&Y PREWet models gave sediment concentrationslglos
matching the CMS when the calculated solids comagoh from the CMS was used as the steady-state
concentration for these models. This test helpedetify that the CMS is working properly, at le&st a steady-
state loading.

Table 2 Steady-state solutions for RECOVERY and WREusing
modified suspended solids concentration of 135 mg/L

Model Contaminant Water Conc. (mg/Ll)  Sediment Cgng/kg)
PREWet DDT 26.68 18400D
Chromium IlI 27.08 187400
RECOVERY DDT 26.4 181200




| | Chromium Il | 27.2] 186900

The second test case was run for the RECOVERY numtkthe CMS using the same data as the steadyestat
above and stepping the constituent influx at 25-ye@rvals for each constituent. Table 4 shovesfthal results
for both models at the end of the simulation anthatdownstream end of the reach. The CMS runmade using
the suspended solids transport routing option.

Table 3 Final results for RECOVERY and CMS modelsthe step function test case

Model Contaminant Water Conc. (mg/L) Sediment Cdmg/kg)

RECOVERY DDT 13.36 86,621
Chromium IlI 13.77 89,29¢

RECOVERY DDT 13.23 95,864
Chromium IlI 13.65 98,914

CMS DDT 13.4 97,400
Chromium lll 13.6 99,10d
Suspended Solids 135

! steady-state concentration of 150 mg/L

2 steady-state concentration of 135 mg/L

The superscripts for the RECOVERY model in Tabiadcate the steady-state solids concentrationitaat used;
one (1) indicates a steady-state concentratiorb@frig/L, and two (2) indicates a steady-state cotnagon of 135
mg/L corresponding to the value calculated by tidSCat the end of the reach. The comparison of Givi§
RECOVERY results shows that the water concentrateme close. The sediment concentrations alsce dgidy

closely when the same suspended solids concemisadi@ used in the two models. The minor diffeesrizetween
the two results could be due to the fact that REERY treats the entire reach as a single, fully mhigell of

homogeneous concentration, whereas, CMS compujesdéent in concentration along the reach. Diffiees may
also arise from the fact that RECOVERY models midtbed layers, whereas, CMS models only a singteléyer.

This test verified the CMS for time-varying inpuste.
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